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Microtubules play an important role in the trans-
port of viral pathogens during the establish-
ment of their infection cycles. The microtubule
cytoskeleton also facilitates efficient release of
newly assembled progeny at later stages of
infection. However, the precise effects of viral
infection on microtubule dynamics are not
understood. Using live-cell imaging, we show
that vaccinia virus stimulates increases in pe-
ripheral microtubule dynamics at 8 hr postinfec-
tion. Infection also increases the frequency with
which microtubule tips reach the cell cortex and
reduces the acetylation of peripheral micro-
tubules consistent with their increased dynam-
ics. These virus-induced changes in peripheral
microtubule dynamics are independent of the
GTPases Rac and Cdc42, which are known
stimulators of microtubule dynamics in unin-
fected cells. They do, however, require F11L-
mediated inhibition of signaling via the GTPase
RhoA and its effector, mDia. We suggest that
increases in peripheral microtubule dynamics
and cortical targeting contribute to enhanced
virus release.
INTRODUCTION
The microtubule cytoskeleton and its associated motors
provide the cell with an efficient transport system to
move macromolecules and organelles throughout the
cytoplasm (Hirokawa and Takemura, 2004; Mallik and
Gross, 2004; Vale, 2003; Vallee et al., 2004; Welte,
2004). Unfortunately, the same polarized microtubule net-
work also provides an efficient way for many viruses to
reach their replication site during the initial infection
(Dohner and Sodeik, 2005; Greber and Way, 2006; Radtke
et al., 2006). At later stages of infection, the microtubule
cytoskeleton can once again provide a convenient trans-
port system, this time for newly assembled virus progeny
to leave the infected cell (Dohner and Sodeik, 2005;
Greber and Way, 2006; Radtke et al., 2006). Understand-Cell Hing how viruses use the microtubule cytoskeleton will help
to provide important insights into the molecular basis of
motor recruitment and control of cytoplasmic transport
in nonpathological situations. It may also help identify po-
tential targets for the development of effective therapies
against the spread of viral infection (Greber and Way,
2006; Kellam, 2006).
Although microtubules provide the means to move
cargoes throughout the cell, they are not static structures
and are constantly undergoing repeated cycles (varied
states) of microtubule growth, pausing, and shrinkage
(Desai and Mitchison, 1997; Karsenti et al., 2006). These
changes in microtubule dynamics help to facilitate the re-
modeling of the microtubule cytoskeleton required for its
normal functioning during a large variety of cellular pro-
cesses, including cell motility and division. Microtubule
dynamics is regulated by microtubule-associated pro-
teins, microtubule plus-end binding proteins, and a variety
of different signaling pathways. Over the last few years,
Rho GTPases have emerged as key players in the regula-
tion of microtubule dynamics in addition to their role in
controlling the actin cytoskeleton (Etienne-Manneville
and Hall, 2002; Rodriguez et al., 2003; Small and Kaverina,
2003; Watanabe et al., 2005; Wittmann and Waterman-
Storer, 2001).
The link between Rho GTPases and microtubule dy-
namics was initially suggested by the observation that
manipulation of microtubules strongly influences the
activation state of Rho GTPases. Depolymerization of
microtubules with the microtubule destabilizer nocoda-
zole activates RhoA (Liu et al., 1998), while microtubule
growth after nocodazole washout has been found to acti-
vate Rac1, resulting in actin polymerization and lamelli-
podia formation (Waterman-Storer et al., 1999). Con-
versely, expression of Rho GTPase mutants reveals that
activation of both Rac and Cdc42 promotes an increase
in the dynamic behavior of microtubules (Grigoriev et al.,
2006; Wittmann et al., 2003). Rho GTPases do not appear
to regulate microtubule dynamics directly but via their
downstream effectors. Activated Rac1 and Cdc42 act to
inhibit the microtubule-destabilizing activity of Stathmin
(Op18), through its PAK-mediated serine phosphorylation
(Daub et al., 2001; Wittmann et al., 2004). Rac1 and Cdc42
also regulate the localization of PAK5, which promotes
microtubule stabilization and interferes with microtubule
dynamics (Cau et al., 2001). Rac1 regulates the bindingost & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 213
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to interact with the cell cortex (Wittmann and Waterman-
Storer, 2005). In contrast to Rac and Cdc42, activation
of RhoA promotes the stabilization of the microtubule cy-
toskeleton. This stabilization is achieved through interac-
tion of the RhoA effector mDia with EB1 and APC in the
cell periphery (Palazzo et al., 2001; Wen et al., 2004). In ad-
dition, RhoA has recently been shown to reduce microtu-
bule dynamics, although the signaling pathways involved
in this activity remain to be established (Grigoriev et al.,
2006). There is clearly an intimate and reciprocal relation-
ship between Rho GTPases and regulation of microtubule
dynamics. Furthermore, the ability of Rho GTPases to reg-
ulate both the actin and microtubule cytoskeletons en-
sures that these two cytoskeletal systems work in a coop-
erative and coordinated fashion (Etienne-Manneville,
2004; Palazzo and Gundersen, 2002).
We have recently shown that the vaccinia virus protein
F11L promotes cell migration during infection by binding
directly to RhoA, thereby inhibiting its signaling (Valder-
rama et al., 2006). F11L, which is conserved in the genome
of orthopoxviruses, interacts with RhoA but does not bind
Rac or Cdc42. Consistent with F11L-mediated changes
in RhoA signaling, the organization and integrity of the
microtubule cytoskeleton become progressively compro-
mised during infection by the Western Reserve (WR) strain
of vaccinia (Ploubidou et al., 2000; Schepis et al., 2006). In
contrast, infection with Modified Vaccinia Ankara (MVA),
a highly attenuated strain of virus, which does not express
a functional F11L (Valderrama et al., 2006), did not induce
substantial disruption of microtubule organization (Sche-
pis et al., 2006). These observations are consistent with
a possible role for RhoA in regulation of microtubule dy-
namics and organization during vaccinia infection. In this
paper, we have examined the changes in microtubule dy-
namics during vaccinia infection in live cells. Using both
loss- and gain-of-function assays, we found that F11L-
mediated inhibition of RhoA-mDia signaling is responsible
for increasing the dynamics of peripheral microtubules
during infection.
RESULTS
Vaccinia Infection Increases Microtubule Dynamics
We imaged microtubules in the cell periphery of HeLa cells
plated on fibronectin, stably expressing GFP-tagged tu-
bulin, after infection with the WR strain of vaccinia virus
and compared their dynamics to those in uninfected cells.
We found that infection with WR resulted in a significant
increase in the dynamics of peripheral microtubules at
8–10 hr postinfection (Figure 1A; Movie S1 in the Supple-
mental Data available with this article online; Table 1). In
contrast to uninfected cells, microtubules also had an
increased tendency to reach the plasma membrane in
WR-infected cells (Figure 1A; Movie S1). To confirm these
observations, we analyzed cells stably expressing GFP-
tagged EB1, which binds predominantly to the ends of
growing microtubules. Analysis of the behavior of EB1-
GFP comets confirmed that the growth rate of peripheral214 Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elseviermicrotubules is increased and that they reach the cell pe-
riphery more frequently in WR-infected cells as compared
to uninfected cells (Figures 1B and 1C; Movie S2). It was
also noticeable that the growth of EB1-GFP-marked mi-
crotubule tips did not always extend in a polarized fashion
to the cell periphery but exhibited a more ‘‘chaotic’’ be-
havior in WR-infected cells (Figure 1B; Movie S2).
In contrast to WR, MVA does not induce substantial dis-
ruption of microtubule organization at 8 hr postinfection.
Consistent with this, we found that during MVA infections
EB1-GFP-marked microtubule tips were not as ‘‘chaotic’’
and exhibited a peripherally directed growth more remi-
niscent of uninfected cells (Figures 1B and 1C; Movie
S2). However, both the rates of growth and catastrophe
frequency of microtubules were reduced compared to
uninfected cells (Figure 1A and Table 1). These would sug-
gest that WR but not MVA increases the dynamics of
peripheral microtubules, resulting in a less stable micro-
tubule cytoskeleton during infection.
To obtain additional insights into the stability of the mi-
crotubule cytoskeleton during infection, we looked at the
level of tubulin acetylation, an established marker for mi-
crotubule stability. Immunoblot analysis demonstrates
that infection with WR induces an increase in tubulin acet-
ylation at 8 hr postinfection when compared to uninfected
cells (Figure 1D). However, quantification of immunofluo-
rescence images reveals that acetylated microtubules
are largely found in the perinuclear region (Figures 1E
and 1F). Consistent with their increased dynamics, we
found that peripheral microtubules had reduced tubulin
acetylation during WR infection (Figures 1E and 1F). In
contrast, MVA microtubules were acetylated throughout
the cell.
Interaction of F11L with RhoA Is Required
for Increased Microtubule Dynamics
Our previous observations have demonstrated that F11L
inhibits RhoA signaling during vaccinia infection. As
RhoA is an important regulator of the microtubule cyto-
skeleton, we examined whether F11L was required for in-
creased microtubule dynamics during WR infection.
Quantitative western blot analysis of Rhotekin-pull-down
assays on extracts from WR-infected cells treated with
siRNA against F11L confirmed that a loss of F11L results
in an increased level of GTP-bound Rho at 8 hr postinfec-
tion (Figure 2A). Concomitant with this, we found there
was a corresponding decrease in the peripheral microtu-
bule growth rate, to values approaching that of uninfected
cells (Figure 2B; Movie S3). There was also a restoration of
polarized microtubule growth to the cell periphery, al-
though as in uninfected cells, fewer microtubule tips
reached the plasma membrane (Figure 2C; Movie S3).
Consistent with their reduced growth rate, we also ob-
served that a loss of F11L resulted in an increase in acet-
ylation of peripheral microtubules in WR-infected cells
(Figures 2D and 2E).
To confirm our observations in WR-infected cells
treated with siRNA, we examined the effect of expressing
F11L on microtubule dynamics in MVA-infected cells. WeInc.
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(A) Time-lapse images of GFP-tagged microtubules, at 8 hr postinfection with Western Reserve (WR) or Modified Vaccinia Ankara (MVA). Small panels
represent movie stills 8 s apart of the area indicated by the white box in the main figure. Growing (red arrowheads) and shortening (green arrowheads)
microtubules are indicated.
(B) Left panels indicate images of EB1-GFP comets in control or WR- and MVA-infected cells. Right panels indicate tracks of EB1-GFP comets in the
following 10 s. The directionality of each track is indicated in red (anterograde) or green (retrograde), and the cell margin is highlighted with a black line.
(C) Quantification of the velocity of EB1-GFP comets over 2 min (left) and the number (#) of comets reaching to within 1 mm of the plasma membrane in
10 s (right). The velocity was determined from 136 (Uninfect), 137 (WR), and 123 (MVA) EB1-GFP tracks in five independent cells.
(D) Representative immunoblot and quantitative analyses (n = 4) of acetylated tubulin 8 hr after infection with WR and MVA.
(E) Immunofluorescence images of tubulin and acetylated tubulin 8 hr after infection with WR or MVA. Small insets represent enlargements of the area
indicated by the white box in the main panels.
(F) Quantification of peripheral microtubule acetylation in WR- and MVA-infected cells.
All error bars represent SEM; ***p < 0.0001. All scale bars, 20 mm.Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 215
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sults in a decrease in the level of GTP-bound Rho (Fig-
ure 2F). There was also a corresponding increase in the
growth rate of peripheral microtubules and loss of their
polarization to the cell periphery (Figures 2G and 2H;
Movie S4). There was also a decrease in peripheral micro-
tubule acetylation (Figures 2I and 2J).
To confirm that these changes are dependent on inhibi-
tion of RhoA signaling, we examined whether the F11L-VK
mutant that is deficient in RhoA binding and resistant to
siRNA was able to promote increased microtubule dynam-
ics during infection (Figure 3). In contrast to an F11L that is
also resistant to siRNA, we found that expression of F11L-
VK did not appear to stimulate increased peripheral micro-
tubule growth in WR-infected cells treated with siRNA
against F11L (Figures 3A–3C; Movie S5). Expression of
F11L-VK did, however, slightly increase their peripheral
targeting (Figure 3B). A similar increase in peripheral tar-
geting was also observed when Cherry-tagged F11L-VK
mutant was expressed in MVA-infected cells (Figure 3E).
A slight increase in peripheral microtubule growth was
Table 1. Peripheral Microtubule Dynamics in
Uninfected and WR- and MVA-Infected Cells
Noninfected WR MVA
Growth rate
(with SD) (mm/min)
15.3
(8.4)
16.0
(9.6)***
12.7
(4.6)***
Shortening rate
(with SD) (mm/min)
18.3
(10.6)
23.7
(17.3)***
17.4
(9.9)***
Growth-shortening (s1) 0.079 0.029* 0.014***
Growth-pause (s1) 0.285 0.259 0.378**
Shortening-growth (s1) 0.118 0.064* 0.019***
Shortening-pause (s1) 0.228 0.200 0.253**
Pause-growth (s1) 0.047 0.074 0.026**
Pause-shortening (s1) 0.032 0.039 0.016**
Time in growth (%) 13.0 20.4* 6.2**
Time in pause (%) 77.0 68.00* 88.8**
Time in shortening (%) 10.0 11.7 5.0**
MT number 165 159 118
Cell number 5 5 5
Peripheral microtubules spend more time in growth and less
time in pause in WR-infected cells compared to uninfected
cells. Their growth and shortening rate also increase, while
there is a decreased in catastrophe (growth-shortening) and
rescue (shortening-growth) frequencies. In MVA-infected
cells, microtubules have the opposite properties compared
to WR, with the exception that catastrophe and rescue fre-
quencies are also decreased. Imaging and analysis were per-
formed as described in the Experimental Procedures. Mean
data are presented for the growth and shortening rates. Statis-
tically significant differences were identified using one-way
ANOVA analysis (growth rate, shortening rate) or Student’s
t test (catastrophe and rescue frequencies). SD, standard de-
viation. *p < 0.05, **p < 0.001, and ***p < 0.0001, compared
with the corresponding values in uninfected cells.216 Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevieralso observed (Figures 3E and 3F; Movie S6). The effect
of F11L-VK mutant on peripheral microtubule growth and
cortical targeting in MVA-infected cells was not, however,
as dramatic as that observed with wild-type F11L (Figures
3D–3F; Movie S6). Our observations suggest that F11L-
dependent inhibition of RhoA signaling is largely responsi-
ble for stimulating peripheral microtubule growth and cor-
tical targeting during WR infection.
Inhibition of RhoA but Not Rac and Cdc42 Stimulates
Microtubule Dynamics
As multiple Rho family members can influence microtu-
bule dynamics, we wondered whether the changes we
have observed during infection might involve manipulation
of Rac and Cdc42 signaling. Pull-down assays using the
CRIB domain of PAK demonstrate that the levels of
GTP-bound Rac and Cdc42, like those of Rho, are re-
duced in WR- compared to MVA-infected cells at 8 hr
postinfection (Figure 4A). Given these differences, we ex-
amined the consequences of expressing activated and
dominant-negative Rho, Rac, and Cdc42 in WR-infected
cells to determine if all three GTPases are involved in reg-
ulating microtubule dynamics during infection. We found
that only expression of constitutively active RhoA-V14 re-
duced the growth rate of peripheral microtubules during
WR infection (Figures 4B and 4C; Movies S7–S9). Our ob-
servations indicate that, although the levels of active Rac
and Cdc42 are reduced, inhibition of RhoA signaling is
largely responsible for increasing microtubule dynamics
at 8 hr postinfection. Consistent with this, we found that
expression of F11L in uninfected cells also stimulates mi-
crotubule growth and that this activity was enhanced by
its ability to interact with RhoA (Figure 5; Movie S10).
Rho Signaling through mDia Regulates
Microtubule Dynamics
To obtain insights into the Rho signaling pathways involved
in regulating microtubule dynamics, we examined the con-
sequences of inhibiting ROCK in MVA-infected cells. We
found that treatment with the Rho inhibitor TAT-C3 exoen-
zyme, but not the ROCK inhibitor Y-27632 resulted in an
increase in the growth rate of peripheral microtubules
(Figure 6A). There was also a corresponding reduction in
the acetylation of peripheral microtubules (Figure 6B).
TAT-C3 exoenzyme has a similar effect in WR-infected
cells treated with siRNA against F11L (Figure S1). Our ob-
servations indicate that ROCK is not involved in regulating
microtubule dynamics during infection. Previous observa-
tions have shown that the RhoA effector mDia is involved
in aligning microtubules and promoting stabilization of pe-
ripheral microtubules. We therefore examined the effect of
expressing the activated form of mDia1 on microtubule
dynamics in WR-infected cells. We found that active
mDia1 (mDia1 DN3) but not activated ROCK1 (ROCK1
D3) reduced peripheral microtubule growth to values sim-
ilar to those seen in MVA or uninfected cells (Figure 6C). We
also observed a corresponding increase in tubulin acetyla-
tion, consistent with increased stabilization of peripheral
microtubules (Figure 6D; Figure S2).Inc.
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quences of siRNA-mediated ablation of mDia1 on periph-
eral microtubule growth in WR- and MVA-infected cells
(Figure 7). Reduction of both F11L and mDia1 in WR-in-
fected cells enhances microtubule growth and targeting
to the cell periphery, and a corresponding reduction in
tubulin acetylation (Figures 7A–7D; Movie S11). Similar ef-
fects are also observed when mDia1 expression is sup-
pressed in MVA-infected cells (Figures 7A–7D; Movie S12).
Taken together, our observations indicate that a loss of
Rho signaling to mDia is responsible for increasing growth
of peripheral microtubules during vaccinia infection.
DISCUSSION
Vaccinia Promotes Microtubule Dynamics
and Targeting to the Cell Cortex
It is well established that microtubule-based transport of
virus particles and their components plays an important
role during their infection cycle (Dohner and Sodeik,
2005; Greber and Way, 2006; Radtke et al., 2006). How-
ever, observations with a variety of different viruses, in-
cluding adenovirus, Kaposi’s sarcoma-associated her-
pesvirus, herpes simplex virus, African swine fever virus,
reovirus, and vaccinia virus, indicate that the integrity of
the microtubule cytoskeleton often becomes disrupted
during their infection cycles (Jouvenet et al., 2004; Nara-
natt et al., 2005; Parker et al., 2002; Ploubidou et al.,
2000; Schepis et al., 2006; Warren et al., 2006; Yedowitz
et al., 2005). Virus-induced disruption of microtubules,
which frequently occurs 9–24 hr after the initial infection,
is often accompanied by an increase in tubulin acetylation,
a hallmark of microtubule stabilization (Gundersen et al.,
2004; Westermann and Weber, 2003). These observa-
tions, made in fixed preparations, are highly indicative of
changes in microtubule dynamics during viral infection.
More recently, analysis in live cells has revealed that micro-
tubule dynamics is decreased at the early stages of adeno-
virus infection (Warren et al., 2006). Furthermore, these
changes were found to enhance the infection process by
promoting virus movement toward the nucleus (Warren
et al., 2006). In our study, we set out to examine the effects
of vaccinia infection on microtubule dynamics using live-
cell imaging after virus replication and assembly.
Our previous observations with cells plated directly onto
glass revealed that vaccinia progressively disrupts micro-
tubule organization during infection (Ploubidou et al.,
2000). In the present study, we found that plating cells
on fibronectin helped to maintain the integrity of the micro-
tubule cytoskeleton during infection. Plating cells on fibro-
nectin also facilitated imaging of peripheral microtubules,
as the cells were more spread. We found that infection
with WR results in an increase in microtubule dynamics
in the cell periphery at 8 hr postinfection. Microtubules
also exhibited a more ‘‘chaotic’’ pattern of growth, and in-
creased numbers of microtubule tips reached the cell cor-
tex. Increased contacts of microtubules with the cell
periphery may well enhance the ability of intracellular en-
veloped virus (IEV) particles to reach the plasma mem-Cellbrane prior to their fusion and release. In contrast to WR,
we found that infection with MVA, a highly attenuated
strain of vaccinia virus that is unable to replicate in human
cells, promoted increased microtubule stability at 8 hr
postinfection. Using a combination of loss- and gain-of-
function assays, we demonstrated that F11L, which is ab-
sent in MVA, is responsible for increasing microtubule dy-
namics during WR infection. F11L, which is first expressed
2–3 hr after infection, acts to inhibit RhoA signaling during
vaccinia infection (Valderrama et al., 2006). The observa-
tion that the F11L VK mutant, which is deficient in RhoA
binding, is unable to stimulate a dramatic increase in the
growth rate of peripheral microtubules confirmed that vi-
rus-induced microtubule dynamics is largely dependent
on inhibition of RhoA. A similar increase in microtubule dy-
namics has also been observed in uninfected cells when
RhoA signaling is inhibited by C3 exoenzyme (Grigoriev
et al., 2006). Conversely, activation of RhoA in serum-
starved cells by the addition of LPA stabilizes microtu-
bules and suppresses plus-end dynamics (Cook et al.,
1998; Grigoriev et al., 2006; Nagasaki and Gundersen,
1996). The observation that F11L can also stimulate in-
creased microtubule growth in the periphery of uninfected
cells confirms that it is the main viral protein regulating mi-
crotubules during infection. It also confirms that RhoA
plays a central role in regulating microtubule dynamics in
the cell periphery.
Microtubules Dynamics Is Controlled
by RhoA-mDia Signaling
In uninfected cells, it is well established that multiple Rho
family members contribute to the regulation of microtu-
bule dynamics (Etienne-Manneville and Hall, 2002; Grigor-
iev et al., 2006; Rodriguez et al., 2003; Small and Kaverina,
2003; Watanabe et al., 2005; Wittmann and Waterman-
Storer, 2001). In particular, Rac and Cdc42 signaling an-
tagonize the effects of Rho, with their activation stimulat-
ing microtubule dynamics. However, this does not appear
to be the case during vaccinia infection, as the levels of
activated Rac and Cdc42, like that of Rho, were reduced,
although microtubule dynamics is increased. This obser-
vation is hard to reconcile based on our current under-
standing of how Rho family members regulate microtu-
bule dynamics. F11L does not interact with Rac or
Cdc42 (Valderrama et al., 2006). It is possible that addi-
tional viral proteins are required to inhibit Rac and
Cdc42. Alternatively, loss of RhoA signaling might result
in the activation and/or suppression of unknown signaling
pathways, which ultimately lead to the downregulation of
Rac and Cdc42. Regardless of the molecular basis of
this inhibition, our observations suggest that changes in
microtubule dynamics observed during infection are
principally dependent on F11L-mediated inhibition of Rho
signaling and that Rac and Cdc42 play little or no role.
In uninfected cells, RhoA is known to organize and reg-
ulate the microtubule cytoskeleton through its down-
stream effector, mDia1 (Ishizaki et al., 2001; Palazzo
et al., 2001; Watanabe et al., 2005). mDia is thought to reg-
ulate microtubule organization through its interactionsHost & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 217
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Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 2. F11L Stimulates Microtubule Dynamics during Infection
(A) Representative immunoblot and quantitative analyses (n = 4) of Rho activity in WR-infected cells treated with siRNA duplexes 4 and 6 targeting
F11L or Scr4, a scrambled control of 4.
(B) Quantification of the velocity of EB1-GFP comets (n = 123–132) in WR-infected cells transfected with the indicated siRNA duplexes during 2 min
(left) and the number of comets reaching to within 1 mm of the plasma membrane (right).
(C) Directionality and length of EB1-GFP comets in WR-infected cells transfected with the indicated siRNA over 10 s.
(D) Immunofluorescence images of tubulin, acetylated tubulin, and GFP-actin 8 hr after WR infection with the indicated siRNA. GFP-actin indicates
cells cotransfected with siRNA.
(E) Quantification of peripheral microtubule acetylation in WR-infected cells transfected with the indicated siRNA against F11L.
(F) Immunoblot with indicated proteins and quantitative analyses (n = 4) of Rho activity in MVA-infected cells expressing F11L-Cherry.218 Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc.
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and Akhmanova, 2006; Wallar and Alberts, 2003; Wen
et al., 2004; Yamana et al., 2006). In particular, mDia-me-
diated stabilization of microtubules plays an important role
in establishing cell polarization during cell migration (Pa-
lazzo et al., 2001, 2004; Yamana et al., 2006). HeLa cells,
in contrast to BSC-1 cells, are not stimulated by F11L to
undergo virus induced cell motility at 8 hr postinfection.
Rather, WR-infected HeLa cells were round and flat, in
contrast to bipolar spindle-shaped uninfected cells, indic-
ative of a ‘‘loss of cell polarity’’ at 8 hr postinfection. We
found that a loss of RhoA-mDia1 signaling accounts for
the apparent disorganized and ‘‘chaotic’’ behavior of mi-
crotubule tips in WR-infected cells. Consistent with this,
expression of active mDia1 was able to partially rescue
polarized microtubule growth, resulting in bipolar WR-
infected cells. RhoA-mDia1 also plays an important role
in the regulation of focal adhesions and their ability to cap-
ture microtubules (Yamana et al., 2006). A loss of RhoA-
mDia1 signaling in the cell cortex and/or at focal adhe-
sions may explain why microtubules exhibit increased
targeting to the cell periphery during infection (also see
Arakawa et al., 2007 [this issue of Cell Host & Microbe]).
Consistent with this suggestion, the organization and
composition of focal adhesions is dramatically altered
during infection (Y.A. and M.W., unpublished data). How-
ever, it is highly likely that, in addition to inhibiting RhoA-
mDia signaling, vaccinia also manipulates the composi-
tion and/or regulation of plus-end binding proteins to
stimulate microtubule dynamics. It is possible that vac-
cinia encodes additional protein(s) that bind directly to
microtubule tips to modulate their behavior and interac-
tions with the cell cortex. It is also not unreasonable to
believe, given their reciprocal and intimate relationship,
that increased microtubule targeting to cell cortex locally
manipulates RhoGTPase signaling and organization of
cortical actin (also see Arakawa et al., 2007).
What Controls Tubulin Acetylation?
Over the years, several different posttranslational modifi-
cations of tubulin including acetylation and detyrosination
have been described (Westermann and Weber, 2003).
These tubulin modifications are known to affect the dy-
namic properties of microtubules and consequently
must be carefully regulated within the cell. However, it is
still not clear at the molecular level how these tubulin mod-
ifications are controlled or their exact contribution to the
normal functioning of the microtubule cytoskeleton. Tubu-
lin acetylation is a reversible modification that is only found
on stable microtubules (Gundersen et al., 2004; Wester-
mann and Weber, 2003). We found that there was a recip-
rocal relationship between the dynamics of peripheralCell Hmicrotubules and their acetylation in WR-infected cells
at 8 hr postinfection.
Previous observations have shown that activation of
RhoA signaling increases detyrosinated tubulin (Glu-tubu-
lin) through mDia binding of EB1 and APC in migrating
fibroblasts (Palazzo et al., 2001; Wen et al., 2004). Lyso-
phosphatidic acid (LPA), which activates RhoA, also
induces acetylation of microtubules (Palazzo et al.,
2003). We found that active RhoA or mDia1 increases tu-
bulin acetylation during infection. Tubulin deacetylation is
known to be dependent on the activity of HDAC6, which
associates with microtubules and leads to a global deace-
tylation ofa-tubulin (Hubbert et al., 2002; Matsuyama et al.,
2002; Zhang et al., 2003). Recent observations in osteo-
clasts have shown that the activity of HDAC6 is dependent
on Rho-mDia2 signaling (Destaing et al., 2005). Using
in vitro deacetylase assays, the authors demonstrated
that active mDia2 was able to bind and stimulate HDAC6.
Our observations that WR infection reduces RhoA activa-
tion and increases global tubulin acetylation compared to
uninfected cells are consistent with these observations.
However, this signaling pathway cannot explain why pe-
ripheral microtubules become more dynamic and exhibit
reduced acetylation during WR infection unless a pool of
active RhoA exists in the cell cortex. Nevertheless, in
MVA-infected cells RhoA is activated and global tubulin
acetylation is also increased. We believe our observations
in infected HeLa cells are more consistent with recent data
demonstrating that deacetylation of peripheral microtu-
bules regulates cell migration by modulating focal adhe-
sion turnover (Tran et al., 2007). Consistent with hypothe-
sis, we have observed that peripheral microtubules are
heavily acetylated in WR-infected cells at 24 hr postinfec-
tion when virus-induced cell motility ceases (Figure S3).
Our observations have clearly shown that RhoA-mDia
signaling is central to regulating both peripheral microtu-
bule dynamics and their cortical targeting during infection.
The task ahead is to understand whether RhoA-mDia sig-
naling directly regulates tubulin acetylation and exactly
how this contributes to microtubule dynamics and cell
motility. It also remains to be established whether
changes in microtubule dynamics actually enhance the
spread of infection by facilitating the ease with which virus
particles can reach the plasma membrane prior to their
fusion and release.
EXPERIMENTAL PROCEDURES
Cells and Viral Infection
HeLa cells plated on fibronectin-coated coverslips or dishes were
infected with WR or MVA and processed for immunofluorescence or
immunoblot analysis at 8–10 hr postinfection as described previously
(Moreau et al., 2000; Ro¨ttger et al., 1999).(G) Quantification of the velocity EB1-GFP comets (n = 130) over 2 min (left) and the number of comets reaching to within 1 mm of the plasma mem-
brane over 10 s (right) in MVA-infected cells expressing Cherry or F11L-Cherry.
(H) Indicates the length and directionality of EB1-GFP comets in 10 s in MVA-infected cells expressing Cherry or F11L-Cherry.
(I) Immunofluorescence images of tubulin and acetylated tubulin in MVA-infected cells expressing B5R-Cherry or F11L-Cherry.
(J) Quantification of peripheral microtubule acetylation in MVA-infected cells expressing B5R-Cherry or F11L-Cherry.
Error bars represent SEM; ***p < 0.0001.ost & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 219
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Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 3. RhoA Binding Is Required for F11L to Increase Microtubule Dynamics
(A) Immunoblot analyses of WR-infected cells treated with siRNA duplex 6 targeting F11L, Scr4 (a scrambled control), Cherry-F11L Resist (point mu-
tant resistant to siRNA), and Cherry-F11L-VK (mutant that cannot bind RhoA and is resistant to siRNA).
(B) Quantification of the velocity EB1-GFP comets (n = 128–132) in WR-infected cells transfected with the indicated siRNA duplexes and F11L mu-
tants (left) and the number of comets reaching the cell periphery (right).
(C) Directionality and length of EB1-GFP comets in WR-infected cells transfected with the indicated siRNA and F11L mutants during 10 s.
(D) Immunoblot analyses of MVA-infected cells expressing F11L-Cherry.
(E) Quantification of the velocity of EB1-GFP comets (n = 126–132) and their targeting to the cell periphery in MVA-infected cells expressing the
indicated constructs.
(F) Indicates the length and directionality of EB1-GFP comets over 10 s in MVA-infected cells expressing the indicated constructs.
Error bars represent SEM; *p < 0.05, **p < 0.001, and ***p < 0.0001.Generation of GFP-a-Tubulin and EB1-GFP Cell Lines
Lentiviruses of EGFP-a-tubulin and EB1-GFP were created using Len-
tivirus systems (Rubinson et al., 2003). A fragment of pEGFP-TUB (Clon-
tech, CA) was cloned into the NheI-BamHI site of pLL3.7-GFP to create220 Cell Host & Microbe 1, 213–226, May 2007 ª2007 ElsevierpLL3.7-EGFP-a-tubulin. The vector pJMA2e EB1-GFP (Morrison et al.,
2002) was kindly provided by Ewan Morrison (Cancer Medicine Re-
search Unit, Cancer Research UK, Leeds University, UK). A KpnI-BsrGI
fragment of pJMA2e EB1-GFP was cloned into the NheI-BsrGI site ofInc.
Cell Host & Microbe
Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 4. Lack of Rho Signaling Pro-
motes Increased Microtubule Dynamics
(A) Quantitative immunoblot analysis of Rho,
Rac1, and Cdc42 activity in uninfected and
WR- and MVA-infected cells (n = 4).
(B) Velocity of EB1-GFP comets (n = 124–137)
after expression of the indicated Cherry-
tagged RhoGTPase mutant for 3 hr in cells
infected with WR for 8 hr.
(C) Indicates the corresponding length and
directionality of EB1-GFP comets over 10 s.
Error bars represent SEM; ***p < 0.0001.pLL3.7-GFP to create pLL3.7- EB1-GFP. HeLa cells stably expressing
EGFP-a-tubulin and EB1-GFP were generated using these lentiviruses
and were subsequently isolated by fluorescence-activated cell sorting.
Antibodies and Reagents
Antibodies against the viral protein A36R (Ro¨ttger et al., 1999), H5R
(Tolonen et al., 2001), and F11L (Valderrama et al., 2006) have been
previously described. Art Alberts (Van Andel Institute, Grand Rapids,
MI) kindly provided polyclonal rabbit antibodies against mDia2 and
mDia3. Other antibodies were purchased: acetylated tubulin (6-11B-1);
a-tubulin (B-5-1-2) (Sigma-Aldrich Company, UK); tubulin (YL1/2)
(Chemicon, CA); Rho (A, B, C) (55); Rac1 (23A8) (Upstate, NY); mDia1
(51); Cdc42 (44) (BD Biosciences, CA); goat Alexa Fluor 488, 568
conjugates to rabbit, rat, and mouse IgG (Molecular Probes, OR);
goat Cy5 conjugates to rabbit and rat IgG (Jackson ImmunoResearch
Laboratories, PA); goat HRP conjugates to rabbit and mouse IgG
(Bio-Rad Laboratories, CA); goat IRDye 800CW conjugates to Mouse
IgG (LI-COR Corporate, NE). Alexa Fluor 568-phalloidin (Molecular
Probes, OR), TAT-C3 exoenzyme (Sahai and Olson, 2006), Y-27632
(Calbiochem-Merck Biosciences, Germany), human plasma fibronec-
tin (Sigma-Aldrich, UK), and Rho/Rac/cdc42 Assay Reagents (Upstate,
NY) were used.CellVector Construction
Vaccinia expression vectors pEL-N-mCherry and pEL-C-mCherry
were constructed by replacing the GFP in the pEL vectors (Frisch-
knecht et al., 1999) with mCherry derived from pRSET-B mCherry,
which was kindly provided by R.Y. Tsien (University of California,
San Diego) (Shaner et al., 2004). F11L, F11L-V305/K307 (F11L-VK),
F11L Resist, RhoA-V14, RhoA-N19, Rac1-L61, Rac1-N17, Cdc42-V12,
and Cdc42-N17 inserts in pEL-GFP vectors described previously
(Moreau et al.,2000; Valderrama et al., 2006) were subcloned into the
pEL mCherry vectors. mDia1 DN3 and ROCK1 D3 (Watanabe et al.,
1999; Ishizaki et al., 1997) (provided by S. Narumiya, Kyoto University,
Kyoto, Japan) were cloned into the NotI-BamHI, NotI-EcoRV site of
pEL-N-GFP and pEL-N-mCherry, respectively. Untagged F11L under
the control of its own promoter was generated by PCR from WR
genomic DNA and cloned in to pBS SKII. The fidelity of all pEL and
F11L expression clones was confirmed by sequencing.
Fluorescence Microscopy and Image Analysis
Images from live cells stably expressing GFP-tubulin or EB1-GFP were
collected using a Cascade II 512B cooled CCD camera (Photometrics,
AZ) on an Axiovert 200 equipped with a optovar 1.6, Plan-Apochromat
63/1.40 Oil Ph3 lens (Carl Zeiss, Germany). HeLa cells were imaged atHost & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 221
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Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 5. F11L Increases Microtubule
Dynamics in Uninfected Cells
(A) Immunoblot analysis of uninfected cells
expressing Cherry-F11L or Cherry-F11L-VK,
which is deficient in RhoA binding.
(B) Quantification of the velocity EB1-GFP
comets (n = 132–133) in cells expressing the in-
dicated protein (left) and the number of comets
reaching to within 1 mm of the plasma mem-
brane (right).
(C) Indicates the directionality and length of
EB1-GFP comets during 10 s.
Error bars represent SEM; **p < 0.001, ***p <
0.0001.2 s intervals at 8 hr postinfection. Alternatively, cells were imaged at
10–11 hr postinfection after transfection with pEL-GFP or mCherry
expression constructs or addition of drugs 8 hr after the initial infec-
tion. Quantification and analysis of the behavior of GFP-tagged
microtubules or EB1 was performed using MetaMorph software (Mo-
lecular Devices Corporation, CA). Analysis of MT dynamics in terms
of dynamic instability was performed as described (Shelden and
Wadsworth, 1993). EB1-GFP comets were defined as peripheral if
they reached within 1 mm of the plasma membrane. Images were pre-
pared for publication using Photoshop and Illustrator packages
(Adobe, CA).
Transfections, siRNA, and Drug Treatments
Infected cells were transfected at 8 hr postinfection with pEL expres-
sion vectors using Lipofectamine 2000 according to the manufacturer’s
instructions (Invitrogen, CA). siRNA oligo duplexes against F11L (4, 6,
and Scr4) and mDia1 (K2) have been described previously (Arakawa
et al., 2003; Valderrama et al., 2006). The mDia1 siRNA duplex 01, tar-
get GGAGCTGACCAAGGATGAT, is directed against human mDia1.
Cells were transfected with siRNA duplexes with/or without pEGFP-
C1-b-actin (Clontech, CA), the day before infection as required using
Lipofectamine 2000. Alternatively, infected cells were treated with pac-
litaxel (10 mM), nocodazole (10 mg/ml), TAT-C3 exoenzyme (10 mg/ml),
Y-27632 (25 mM), or Latrunculin B (0.1 mM) 8 hr after infection as re-
quired. Transfected and drug-treated cells were fixed 2–3 hr later222 Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevie(i.e., a total of 10–11 hr postinfection) and processed for immunoblot
or immunofluorescence analysis.
Quantitative Rho, Rac, and Cdc42 Activation Assays
Cells, with or without prior transfection of F11L siRNA oligo duplexes,
were scrapped at 8 hr postinfection with WR or MVA. In the case of res-
cue experiments, cells were transfected with F11L under its own pro-
moter 1 hr after infection and processed as above. All cell lysates were
processed for the Rho activation assay according to the manufac-
turer’s instructions (Upstate, NY). Activated Rho, Rac, and Cdc42
ratios were measured using Quantitative Westerns Methods on
a Odyssey Infrared Imaging System (LI-COR Corporate, NE). In all
cases, the results are based on at least four independent experiments.
Quantification of Peripheral Microtubule Acetylation
Average fluorescence intensities of acetylated tubulin within 4 mm of
the plasma membrane and the remaining cell after background sub-
traction were determined using MetaMorph. Peripheral acetylated tu-
bulin ratios were calculated as the average intensity of peripheral/cen-
tral region of the cell for three cells in each condition.
Statistical Analysis
Data are presented as mean ± standard error of the mean and were an-
alyzed by ANOVA or Student’s t test using Prism 4.0 (GraphPad Soft-
ware, CA). A p value of <0.05 was considered statistically significant.r Inc.
Cell Host & Microbe
Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 6. Active mDia Suppresses Microtubule Dynamics during Infection
(A) Image analysis of EB1-GFP comets (n = 128–140) and corresponding directionality images in MVA-infected cells treated with TAT-C3 or Y-27632.
(B) Immunofluorescence images of the microtubule cytoskeleton together with quantification of peripheral microtubule acetylation in MVA-infected
cells treated with TAT-C3 or Y-27632.
(C) Image analysis of EB1-GFP comets (n = 130–132) and corresponding directionality images in WR-infected cells expressing active forms of mDia1
(mDia1 DN3) and ROCK1 (ROCK1 D3).
(D) Immunofluorescence images of the microtubule cytoskeleton together with quantification of peripheral microtubule acetylation in WR-infected
cells expressing mDia1 DN3 and ROCK1 D3. Immunoblot and quantitative analyses (n = 4) of acetylated tubulin in WR-infected cells expressing
the indicated GFP-tagged protein.
Error bars represent SEM; ***p < 0.0001, **p < 0.001, and *p < 0.05. All scale bars, 20 mm.Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc. 223
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Vaccinia Inhibition of RhoA Stimulates MT DynamicsFigure 7. mDia Regulates Microtubule Dynamics during Infection
(A) Immunoblot analysis of F11L, A36R, acetylated-tubulin, tubulin, and mDia family members in WR- or MVA-infected cells transfected with siRNA
duplexes against F11L (4) and/or mDia1 (1 or K2).
(B) Quantification of the velocity of EB1-GFP comets (left) and the number (#) of comets reaching to within 1 mm of the plasma membrane in WR
(n = 134–140)- or MVA (n = 123–132)-infected cells transfected with the siRNA duplexes against F11L (4) and/or mDia1 (1 or K2).
(C) Corresponds to the directionality images of the data presented in (B).
(D) Immunofluorescence images of the microtubule cytoskeleton together with the quantification of peripheral microtubule acetylation in WR- and
MVA-infected cells transfected with the indicated siRNA duplexes.
Error bars represent SEM; ***p < 0.0001, **p < 0.001, and *p < 0.05.224 Cell Host & Microbe 1, 213–226, May 2007 ª2007 Elsevier Inc.
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The Supplemental Data include three supplemental figures and 12
supplemental movies and can be found with this article online at
http://www.cellhostandmicrobe.com/cgi/content/full/1/3/213/DC1/.
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